Introduction
Idiopathic pulmonary fibrosis (IPF) is an interstitial pneumonia with no known cause characterized by variable inflammation and progressive fibrosis leading to impaired lung function. Patients experience progressive loss of lung function with an average time of survival of three to five years post-diagnosis (1) . While the pathogenesis remains unclear, spatial and temporal variance of fibrotic lesions suggests a repeated stimulus (perhaps by a virus) causes lung injury over the course of the disease (10) .
The Epstein-Barr virus (EBV) was positively identified by PCR and immunohistochemistry in 41% of IPF patients compared to 10% of control subjects (40) .
In a 2003 study, 97% of diagnosed IPF patients tested positive for one or more of four common human herpesviruses: EBV, cytomegalovirus (CMV), human herpesvirus 7 (HHV-7) and human herpesvirus 8 (HHV-8) compared to only 36% of control patients (43) . It should be noted that other studies did not find an association between herpesviral infection and IPF, and it is not clear whether these discrepancies represent geographical or technical differences (53, 54). Coincidence of IPF with herpesvirus infection could be secondary to immunosuppressive therapy and does not establish a mechanism for herpesviruses in IPF pathogenesis.
Murine gammaherpesvirus-68 (γHV-68) is a good model for human pulmonary herpesvirus infection due to similarities to the primate herpesviruses in sequence and pathogenicity (51). In IFNγR-/-mice, a model used to mimic the Th2 environment seen in the lungs of IPF patients, γHV-68 causes chronic inflammation and progressive interstitial fibrosis (27) . The virus alone is not sufficient to induce fibrosis in wild-type mice, but its presence in the lung pre-or post-fibrotic stimulus increases inflammation and collagen deposition in murine models (16, 20, 49) . Lytic γHV-68 in the lungs at the time a fibrotic stimulus (bleomycin) is administered significantly increased inflammation and the amount of collagen measured in Balb/c mice (16). Additionally, our laboratory has shown that infection with γHV-68 14 days after administration of a different fibrotic stimulus, fluorescein isothiocyanate (FITC), exacerbates fibrosis measured 7 days postinfection (20) . Furthermore, long-term latent γHV-68 can also augment the response to FITC or bleomycin; we have observed significant increases in lung collagen when infection occurred 70 days before a fibrotic stimulus (48) . Interestingly, an increase in the number of inflammatory cells accompanies increased fibrosis in each of these models, but how these inflammatory cells contribute to the augmentation is unclear.
Intranasal infection with γHV-68 results in lytic infection of alveolar epithelial cells (AECs) followed by infection of a variety of cell-types involved in the anti-viral immune response including macrophages, dendritic cells, and B cells (29) . After the active lytic infection has been cleared, AECs, macrophages, dendritic cells, and B cells have been shown to harbor latent γHV-68 in the lungs (9, 41, 48) . It has also been demonstrated that herpesviruses can infect mesenchymal cells, and these cells are often used for plaque assays for viral quantification (20) .
Recent studies suggest potential gammaherpesvirus-mediated mechanisms for increased fibrosis involving AECs and macrophages. AECs latently infected with γHV-68 express increased levels of CCL2 and CCL12 mRNA. Latently infected AECs also produce higher levels of cysteinyl leukotrienes and the potent pro-fibrotic cytokine transforming growth factor (TGF)-β1 (48) . These results are consistent with human studies demonstrating that EBV upregulates TGF-β1 in primary human AEC lines and can influence epithelial to mesenchymal transition in human AEC lines through alteration of Cux1/Wnt signaling (18) . Additionally, increased levels of ER stress proteins BiP, EDEM and XBP-1 were noted in AECs from familial and sporadic IPF patients, as well as co-localization of herpesviral peptides with XBP-1 (14) . Regarding macrophages, IFNγR-/-mice infected with γHV-68 showed increased levels of alternatively-activated macrophage proteins Ym1/2 and Fizz-1 in bronchoalveolar lavage as well as arginase-1 in whole lung lysates 180 days post-infection (d.p.i.) suggesting that induction of an M2 macrophage phenotype may contribute to the virally-induced fibrosis in these Th2-biased mice (26) .
While our work has demonstrated the development of a pro-fibrotic phenotype in latently infected AECs in wild-type mice (48) , no studies to date have addressed the potential contribution of other inflammatory and resident cells to the pro-fibrotic alterations induced by γHV-68 in wild-type mice. Thus, we chose to study changes 28 d.p.i. during viral latency following the clearance of acute lytic infection (7, 42 ). We found that a variety of circulating and resident cell-types harbor latent virus and express higher levels of pro-fibrotic or pro-inflammatory mediators.
Materials and Methods

Mice
Male C57BL/6 mice (2-4 mos) were purchased from Jackson Laboratories (Bar Harbor, ME). All procedures were approved by the University of Michigan Committee on the Use and Care of Animals (UCUCA).
γHV-68 infection
After mice were anesthetized with a low dose of ketamine and xylazine, 5x10 
Fluorescein isothiocyanate (FITC)-induced fibrosis and fibrosis measurements
FITC (28 mg/ml) was dissolved in sterile saline, sonicated for 30 sec and 50 µl was administered intratracheally in anesthetized mice as previously described (24) . Fibrosis was determined at indicated time points via hydroxyproline assay which is a surrogate for collagen deposition (24) .
ELISA
Cytokines and chemokines were measured in cell culture supernatants using DuoSet ELISA Development System kits (R&D Systems, Minneapolis, MN) following the manufacturer's instructions. For analysis of TGF-β1, supernatants were first acidified to allow for measurements of total TGF-β1.
Semiquantitative real-time RT-PCR
Semiquantitative real-time RT-PCR was performed with ABI Prism 7000 thermocycler (Applied Biosystems, Foster City, CA) using a previously described protocol (4). Primers and probes, listed in Table 1 , were made using Primer Express software (Applied Biosystems). All samples were run in triplicate.
Analysis of viral genome loads
DNA was prepared from cells isolated from mock-infected or γHV-68-infected mice using the Qiagen DNAeasy Blood and Tissue Kit (Valencia, CA) and PCR was performed to detect the gB viral coding sequence as previously described (30). Values were compared to a standard curve consisting of gB plasmid DNA diluted at known copy numbers. Reported values were normalized to 100 ng of input DNA for each reaction and represent the copy number in mock-infected mice (background) subtracted from the virus-infected samples. For gB DNA analysis, the forward primer was 5'GGCCCAAATTCAATTTGCCT, the reverse primer was 5'CCCTGGACAACTCCTCAAGC and the probe was 5'6-(FAM)-
ACAAGCTGACCACCAGCGTCAACAAC-(TAMRA).
Alveolar macrophage (AM) isolation and culture
AMs were extracted from lungs by bronchoalveolar lavage (BAL) as previously described (4) and cultured in serum-free media at 5 x 10 5 cells/well in 24-well plates for 24 hours before collecting cell supernatants and isolating RNA or DNA.
Mesenchymal cell isolation
Whole lung was minced and cultured for 14 days to enrich for mesenchymal cells in complete media supplemented with 10μM cidofovir (Gilead Sciences Inc., Foster City, CA) to prevent viral reactivation and cell lysis. Then, mesenchymal cells were cultured in serum-free media on 6-well plates at 4 x 10 5 cells/well for 24 hours before collecting cell supernatants and isolating RNA or DNA.
Splenic Cell Enrichment
To enrich for B cells, splenocytes were incubated with biotinylated CD19 antibody (BD Biosciences, San Jose, CA) followed by MACS streptavidin microbeads. The cells were then separated on a magnetic column (Miltenyi Biotech, Auburn, CA). CD19-enriched cells were considered B cells. The CD19 negative cells were enriched for T cells, monocytes and dendritic cells. Both populations were plated on 6-well plates at 5x10 6 cells per/well in serum-free media for 24 hours before cell supernatants were collected and RNA was isolated.
Lung B cell and T Cell Enrichment
Cells were extracted from lung tissue by collagenase and DNAse digest as previously described (11) . B cells were purified using biotinylated CD19 antibody (BD Biosciences). T cells were isolated using the pan-T cell isolation kit from Miltenyi Biotech (Auburn, CA). The cells were sorted using the MACS streptavidin microbead system (Miltenyi Biotech, Auburn, CA) and cultured on 96-well plates at 1x10 6 cells per 200μL in serum-free media for 24 hours before cell supernatants were collected and RNA or DNA was isolated.
Intracellular Staining for Lung T cell Cytokines
Whole lungs were prepared for flow cytometry by collagenase digestion, as described previously (11) . For intracellular cytokine staining, cells were first stimulated with phorbol 12-myristate 13-acetate (PMA, Sigma, 0.05 μg/mL) and ionomycin (Sigma, 0.75 μg/mL) for 6 hours in the presence of Golgi Stop protein transport inhibitor (BD Pharmingen). 2.5x10 6 cells were then stained using fluorochrome-conjugated antibodies against the cell surface markers CD45, CD4 and CD8 (BD Pharmingen). Cells were then fixed and permeabilized and stained with anti-IFNγ and anti-IL-4 (BD Pharmingen). To enumerate lymphocyte subsets, gates were first set on CD45-expressing cells followed by gating on the lymphocyte-sized subset.
Reagents Used
Complete media is DMEM (Lonza, Walkersville, MD) with 10% fetal bovine serum (Fisher, Pittsburgh, PA)1% penicillin-streptomycin (Gibco/Invitrogen, Carlsbad, CA), 1% L-glutamine (Fisher) and 0.1% amphotericin B (Lonza). Serum-free media is DMEM with 1% bovine serum albumin (Sigma, St. Louis, MO), 1% penicillin-streptomycin, 1% L-glutamine, 0.1% amphotericin B.
Methods of Statistical Analysis
Statistical significance was measured by Student's t-test using Graphpad Prism 5 software; data represent mean ± SEM; p < 0.05 was considered significant. Error bars represent the standard error of the mean (SEM) between cell culture wells.
Results
γHV-68 infection can augment fibrotic responses
To demonstrate that γHV-68 infection can augment fibrotic responses, mice were first infected with γHV-68 or were mock-infected on day 0. On day 15, mice received an i.t. injection of FITC, and fibrosis was measured on day 36. This time point represents 36 days post-infection and 21 days post-fibrotic insult. Figure 1A demonstrates that a prior infection with γHV-68 significantly augments the fibrotic response to FITC. Similarly, in an exacerbation model, in mice given FITC on day 0 that were subsequently infected with γHV-68 on day 14 and harvested for fibrosis measurements at day 28 or 35, the viral infection significantly augments the fibrotic response ( Figure 1B ). These data are consistent with our earlier reports of the ability of γHV-68 infection to augment or exacerbate fibrotic responses at various time points (20, 48) . Because these fibrotic alterations were noted at time points beyond the lytic replication of γHV-68 in the lung (20) , we were curious to determine whether latent infection was associated with profibrotic changes in various cell types. Thus we chose to analyze a variety of resident and circulating cell types in the lung or spleen 28 days post-infection.
d.p.i, AMs are infected and produce more TGF-β1, TNF-α, CCL2, CCL12 and IFN-γ
Mice were infected with γHV-68 or were mock-infected on day 0. On day 28, AMs were harvested by BAL and were cultured for 24 h before supernatants and RNA or DNA were collected. AMs isolated from mice 28 d.p.i. expressed significantly higher levels of total TGF-β1 (p<0.0001), TNF-α (p<0.001), CCL2 (p<0.0001), CCL12, and IFN-γ (p<0.0001) compared to AMs from mock-infected mice ( Figure 2A ). Expression of IL-12, IL-4 and IL-13 were not detectable from AMs of either group. Herpesvirus latency is often defined by the expression of latency-associated genes at higher levels than lytic associated genes when preformed, lytic virus is not present (35, 50) . We have previously demonstrated that preformed lytic virus is not present in the lungs by 14 d.p.i growth factor (HB-EGF), a cytokine associated with fibrosis in some systems (6, 31, 46) was also elevated in AMs from infected mice. 
d.p.i., latently-infected mesenchymal cells produce more TGF-β1, CCL12 and TNF-α
d.p.i., splenic CD19 negative cells show increased levels of TGF-β1 expression
In the spleen, we collected the CD19 negative fraction of cells as a source 
T cells from lungs of latently infected mice produce IL-10 more than TGF-β1
We next wanted to purify T cells from the lung to more carefully measure viral load and cytokine production. For these experiments, lungs were digested on day 28 following mock or γHV-68 infection and lung T cells were enriched using the pan T cell isolation kit (Miltenyi Biotech) in which T cells are isolated by depletion of non-target cells. Flow cytometry analysis verified that T cells isolated from the lungs of mockinfected mice were 84.3% CD3+ while those isolated from virus-infected mice were more pure (98.5%). Contrary to what was seen in CD19 negative splenic cells, TGF-β1 production was not increased. In fact, the trend in combined experiments demonstrated a decrease in TGF-β1 production ( Figure 6D ). This may reflect the fact that IL-10 levels were significantly elevated in lung T cells from latently-infected mice ( Figure 6D ).
Genome load in these highly purified T cells from the lung was extremely low and even undetectable in half of the samples ( Figure 6E) . Consequently, mRNA analysis was not performed.
Lung T cells produce IFNγ, but not IL-4 at day 28 post-infection
Previous studies have demonstrated that γHV-68 infection can cause fibrosis in Th2-biased IFN-γR-/-mice (27) . Thus, we wanted to determine whether the T cells in the lungs of latently-infected mice produced IL-4. Collagenase digestions were performed on the lungs of mock-or virus-infected mice at day 28 post-infection and cells were analyzed by flow cytometry for surface expression of CD4 or CD8 and intracellular staining of IL-4 or IFNγ. Figure 7A shows the representative flow cytometry plots and Figure 7B shows the results of 5 total mice that were analyzed in each group. Viral infection strongly induced production of IFNγ in both the CD4 and CD8 T cell subsets even during latency, but there was no induction of IL-4 expression. To verify that our intracellular cytokine staining was adequate to detect IL-4 expression, we stained lung T cells from allergen-challenged mice and could detect increased intracellular IL-4 in CD4
T cells (Supplemental Figure 1) . Thus, the profibrotic effects of γHV-68 infection can occur in the presence of a mixed cytokine response in lung T cells. T cells from lungs of latently infected mice overexpress IL-10 and IFNγ, but not IL-4 or TGF-β1.
Discussion
There is limited understanding about fibrotic effects of gammaherpesviruses on (27) . The TGF-β1-producing macrophages in IFNγR-/-mice were shown to be alternatively-activated. These findings were intriguing given that IPF lung has been described as a Th2-skewed environment (52) , and suggested that the Th2 environment was necessary for the fibrotic effects of γHV-68. However, these results could not explain the observation that γHV-68 latent infection was able to augment fibrotic responses in wild-type mice, particularly in mice with strong anti-viral IFNγ responses [(48) and Figures 1 and 7] . Interestingly, our studies demonstrate that AMs isolated from γHV-68-infected wild-type mice 28 d.p.i. produce more total TGF-β1 than controls despite being classically-activated ( Figure 3 ) and producing IFN-γ with no detectable IL-4 or IL-13 ( Figure 2 ). AM overproduction of TGF-β1 as well as TNF-α, CCL2, CCL12, and HB-EGF are also consistent with our previous observation that IL-4 and IL-13 are not required for γHV-68-infection to exacerbate established fibrosis (20) .
AMs isolated from γHV-68-infected wild-type mice express factors which are known to be pro-fibrotic. For example, infusion of recombinant TNF-α promotes, while neutralization limits silica-induced lung fibrosis (33) . Similarly, transgenic expression of TNF-α in murine type II cells induces a profound fibrotic phenotype (21) . HB-EGF has been shown to be pro-fibrotic in models of kidney and cardiac fibrosis (6, 31, 46) . Additionally, HB-EGF expressed in lung macrophages (13) and epithelial cells (55) has been shown to act as a fibroblast mitogen. Finally, γHV-68 infection of AMs also upregulates profibrotic CCL2 and CCL12, potent chemotactic ligands for recruitment of inflammatory cells and fibrocytes during pulmonary fibrosis. CCL2 mRNA expression is increased in the lungs of patients with IPF (2) and increased expression of CCL2 protein in bronchoalveolar lavage fluid of patients with IPF predicts patients that die within 5 years of diagnosis, often due to acute exacerbation (37) . Furthermore, CCL12, a murine homologue of human CCL2, is responsible for fibrocyte recruitment in mice (25) , and CCL2 has been shown to promote collagen synthesis by fibrocytes (24).
One possible explanation for the increased production of TGF-β1 by AMs in latently infected mice is that AMs produce TGF-β1 in response to ingestion of apoptotic AECs secondary to viral-mediated AEC injury. To determine if AMs from mice with another form of AEC injury would display a similar phenotype, we utilized a transgenic mouse expressing the diphtheria toxin receptor under the control of the SpC promoter (SpC-DTR mice) (39) . Delivery of diphtheria toxin (DT) to these mice results in specific damage to the type II AECs and the development of fibrosis. To mimic the same timing as the viral infection, SpC-DTR mice were treated with DT for 14 days before AMs were isolated on day 28 and total TGF-β1 production was measured (Supplemental Figure 2) . Interestingly AMs from SpC-DTR mice did not show significant upregulation of TGF-β1. Thus, we believe that TGF-β1 secretion by latently-infected AMs is directly attributable to viral infection and not simply the induction of AEC damage.
We next wanted to compare the fibrotic phenotype of AMs from latently infected mice with that of AMs isolated from mice treated with bleomycin, a known inducer of fibrosis within the lung (23) . Notably, AMs isolated from mice 28 days after intratracheal administration of bleomycin upregulate TGF-β1, CCL2 and TNF-α to the same degree that γHV-68 does 28 d.p.i (Supplemental Figure 3) . This suggests that in mice, the presence of gammaherpesvirus prompts AMs in the lung to have an expression profile of fibrotic mediators very similar to the profile AMs have during known fibrotic insults. The emergence of this pro-fibrotic profile in lung-resident AMs could help explain how gammaherpesvirus has served as a co-factor and exacerbating agent in mouse models of pulmonary fibrosis (16, 20, 27, 43, 48) . (34, 36) . Mature, non-proliferating B cells, the primary reservoir of γHV-68 in the blood (9), have also been found in neo-lymphoid structures in the lungs of IPF patients (19) . In addition, TGF-β1-mediated growth inhibition in human B cells is much less pronounced in the setting of EBV infection (3).
The presence of B cells in the lung carrying a high viral load could provide a reservoir of consistent re-infection that accounts for the persistence of the virus, temporal heterogeneity and enhanced TGF-β1 production all noted in the IPF lung.
The role of T cells in IPF is not fully defined. T cell depletion experiments followed by a fibrotic stimulus have produced contradictory results as reviewed in (17) .
A CD19 negative spleen cell population we isolated from latently infected mice 28 d.p.i. expresses more total TGF-β1 and CCL2 than controls. This population expresses similar levels of gB and M3 indicating that γHV-68 is readily reactivated in this population. The CD19 negative spleen populations likely include T cells, monocytes, and dendritic cells.
However, it is likely that the latently infected cells in this population, and the cells which express TGF-β1 are in fact monocytes. Enriched T cells isolated from lung collagenase digests 28 d.p.i. did not produce more total TGF-β1 and measurements of viral genome load in these highly purified T cells (98.5% CD3+) was undetectable or extremely low ( Figure 6 ). This finding is consistent with previous studies which have demonstrated viral genome in the non-T cell fraction, but not in the T cell fraction of the thymus (12).
Our ability to isolate T-enriched cells from lung digests was extremely limited, only allowing assessment of TGF-β1 and IL-10 levels; thus, we do not have ELISA data In fact, in one experiment, TGF-β1 production was significantly decreased, but this was not noted in all experiments (Compiled data is shown in Figure 6D ). It is interesting to speculate that the enhanced production of IL-10 in lung T cells may inhibit the production of TGF-β1 as this has been previously reported (28, 47) . In some circumstances, IL-10 has also been shown to be pro-fibrotic (5, 15) . Overall, we conclude that the ability of γHV-68 to augment fibrotic responses in wild-type mice can occur in the presence of a strong anti-viral IFNγ response.
An overarching question regarding the ability of viruses to augment fibrotic responses is whether these effects are specific to particular viruses, or perhaps could be generalized. We were particularly interested to note the studies by Turpin et al. using respiratory syncytial virus infection pre-or post-exposure to vanadium pentoxide actually showed reduced levels of inflammation and fibrosis, and this was associated with decreased expression of pro-fibrotic growth factors (45). Additionally, we have previously noted that murine adenovirus infection does not exacerbate established fibrosis (20) . Thus, there may be some specificity for viruses which can establish latency or for herpesviruses in general in promoting fibrotic responses. Understanding the differences in how the host responds to the different viruses may offer additional insights for therapeutic intervention. (40, 43) , the fact that infectious virus is not always present has made it difficult to ascertain whether the infection is causally related to the fibrotic process. Our results suggest that presence of latent virus alters the secretory phenotype of both resident and recruited lung cells to create a pro-fibrotic lung environment even in the situation where the latent viral load may be low.
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Zhang cells/ml and incubated in serum-free media for 24 hours before harvesting supernatants and RNA. Total TGF-β1 levels in cell supernatants measured by ELISA tended to be lower in T cells isolated from lungs of virally infected mice (black bar) compared to mock-infected controls (white bar) (n=at least 11 per group combined from 2 experiments) whereas levels of IL-10 were increased (n=6 per group; p<0.001). 
